Abstract-High magnetic field can be trapped in a bulk type-II superconductor through different magnetization methods. In our fully high-temperature superconducting (HTS) synchronous motor, the pulsed field magnetization (PFM) method is adopted due to its reduced cost, feasibility, and adaptability on the assembling of our HTS motor system. The HTS rotor was designed with 75 YBCO HTS bulks mounted on the surface of the rotor to make two pairs of poles after the PFM. In this paper, we give a PFM circuit used to generate a pulsed magnetic field about 1.5 T at the center of the magnetizing coil lasting less than 1 s by discharging a capacitor bank. We also investigate the homogeneity of the pulsed magnetic field produced by the coils. The main strategy for magnetizing the superconducting rotor is designed and investigated, and the rotor field profile after the whole magnetization procedure is measured and discussed as well.
I. INTRODUCTION

H
IGH magnetic fields can be trapped in bulk type-II superconductors through different magnetization methods. Normally, there are four types of magnetization methods: field-cooled (FC) magnetization [1] , zero-field-cooled (ZFC) magnetization, pulsed field magnetization (PFM) [2] - [4] , and flux pumping [5] , [6] . In the FC method the sample is cooled below its critical temperature in the presence of a strong DC magnetic field which is subsequently removed. In the ZFC and PFM methods the HTS bulk is first cooled below its critical temperature, and then an external magnetic field which increases from zero to a peak value and then decreases to zero is applied to magnetize the bulk superconductor. However, the disadvantage of ZFC is that it needs a bigger coil which is used to produce a strong magnetic field for a relatively long time in comparison with PFM. Hence the cost of the coil for the ZFC is considerably high if a large magnetic field (e.g., 5 T) is required. However, the coil used for PFM is cheap because less copper is required as the current during the PFM is transient. Therefore, it becomes the most practical method. The pulse time of the PFM is of the order of milliseconds. However, the rapid changes in magnetic field making heat generation by the PFM are significant, possibly causing a reduction in the trapped magnetic field of the superconducting bulk due to the decrease in its critical current density. In the flux pumping a field is swept across the superconductor in a magnetic wave. As long as the direction of motion of the magnetic wave is constant, then the current induced will always move in the same direction. Successive waves will induce more and more current within the bulk superconductor and higher magnetic fields will be trapped. Any of these methods could be used to magnetize the superconductor. In our fully HTS synchronous motor, the PFM method is adopted because it is cheap, feasible, and facilitates the assembling of our HTS motor system. This paper is organized as follows: In Section II, design parameters and experimental setup of the PFM system with emphasis on the rotor structure are described. Then, in Section III, we explain the circuit design constructed to perform the PFM of the HTS rotor. Hence, in Section IV our experimental results about the different pulsed fields and the rotor surface field profile after the PFM, are presented and discussed. Finally, in Section V we summarize the main conclusions of this study.
II. PFM SYSTEM DESIGN AND EXPERIMENTAL SETUP
The superconducting rotor is shown in Fig. 1 . Seventy-five polished YBCO bulks of rounded shape, 31 mm diameter and 5 mm thickness, are mounted on the surface of the rotor. The bulk array contains fifteen columns and each column has five pieces. The white box in the inset of Fig. 1 illustrates a typical pole of the designed HTS rotor. The height (h) and radius (r) of this rotor are 220 mm and 80 mm, respectively. There is a pair of magnetizing copper coils installed on the top of the motor rig. One pair of copper coils mounted on the stainless frame is used to magnetize the rotor through the PFM. The setup of the magnetizing coils is displayed in Fig. 1 . The width between these two coils is 17.8 cm and the coils are connected in series. An iron core is embedded in the middle of the coil, concentrating the magnetic flux during the PFM and enhancing the magnetic field produced by the coil dramatically. Four-hundred and seventy-seven turns of copper wire for each coil are wound on the former of the coil. The inductance and resistance of the coil are 87.6 mH and 0.6 Ω (at 77 K), respectively. During the magnetization procedure, a rotor whose diameter is 170 mm is put in the middle of two coils, so that the gap between coil and rotor is 4 mm on each side. In Fig. 2 , a schematic diagram of the PFM system is displayed. In the middle of the coils there is a rotor with fifteen columns of YBCO bulks to make a four-pole machine after the PFM. Before the experiment, the bulks are cooled down below their critical temperature (92 K) using liquid nitrogen at 77 K. The process of the magnetization is as follows: firstly, magnetic pulses are applied to the centre of one column bulks to produce a pair of north (N) poles. Secondly, the armature of the rotor is rotated by using an assembled steering wheel with a precision universal protractor (1/5
• ) which has the same axle as the rotor such that a second group of bulks is magnetized in order to produce a pair of south (S) poles. Prior to performing the PFM, the angular position of the rotor is adjusted carefully in order to ensure that the pulsed field is orthogonal to the bulks' faces. The rotor is clamped firmly to prevent rotation by the relatively strong magnetic torque generated by the pulsed field during the magnetization procedure. When making S poles, the rotor rotates 96
• instead of 90 • (Fig. 2) . This is because in order to achieve the maximum magnetization of the pole, the second pulse position has to be strictly aligned with the centre of one column of bulks rather than in between two successive columns.
It is worth mentioning that the number of HTS bulk columns used to cover the surface of the rotor is actually a compromise between the dimensions of the rotor itself, the dimensions of the superconducting bulks, and associated costs. On the one hand, the curvature of the rotor create constrictions on the size and manufacturing of the HTS bulks for being attached to the surface of the rotor. Furthermore, during and after the PFM the HTS bulks are subjected to a significant magnetic stress which compromise their mechanical structurality, reason why during the prototyping phase of this project, we have reduced the size of the HTS bulks in order to homogeneously cover the entire peripheral surface of the rotor. However, given the fact that a reduction of costs is vital for the proof of concept of the prototype, in order to minimize the overall costs of the motor without compromising the initial aims of this project, the rotor structure has been taken from a previous flywheel project [7] , which has resulted in fifteen columns of HTS bulks of 31 mm diameter each, which allows the effective magnetization of at least 12 columns for the creation of four poles with 3 columns each as shown in Figs. 1 and 2 . Nevertheless, this configuration (odd number of columns) will make the field distribution slightly asymmetric, i.e., effectively, two poles will be seen as containing odd numbers of columns of bulks, with the other two poles containing an even number. This effect will be shown in Section IV from our experimental measurements.
III. PFM CIRCUIT DESIGN
A PFM circuit is designed to generate a pulsed magnetic field lasting less than 1 s by discharging a capacitor bank. The objective of this design is to apply a pulsed current of around 400 A (this is limited by the thickness of the copper wire) in two serially connected copper coils, in order to generate a pulsed magnetic field about 1.5 T at the centre of the magnetizing coil. Also, the pulses are repeatable. A schematic diagram of the pulse circuit is presented in Fig. 3 . According to this circuit, there are two steps to perform the PFM. First, the switch S1 is turned on whilst the switch S2 is kept turned off. A large capacitor bank which can provide a high pulsed current to the coils is adopted. Then, when the charging of the capacitor is completed, the switch S1 is turned off and the switch S2 is turned on, it in order to discharge the capacitor. It is worth noting that six diodes are connected to the circuit to prevent electrical resonance. The two magnetizing coils are modeled as an equivalent inductor and resistor. Furthermore, three capacitors of 1500 V and 5 mF each, are connected in parallel, such that the total capacitance is of 15 mF. The main parameters in the PFM circuit are summarized in Table I .
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
After the electronic circuits and power electronics have been prepared and properly set up, the printed circuit board (PCB) shown in Fig. 4(a) , which includes eleven hall probes, was made for the experiments presented in this section.
The dimensions of this PCB are 192 mm length, 25 mm width, and 2 mm thickness. All the hall probes are of the HZ-312C type (active surface: 2.35 mm × 2.7 mm), produced by Asahi Kasei, and are connected in series. The average interval between each hall probe is about 16.5 mm and all hall probes are calibrated beforehand. Then, before performing the experiment, the PCB is placed at the centre of the magnetizing coil and fixed using Kapton tape to make sure that the surfaces of the hall probes are parallel to the magnetizing coil [see Fig. 4(b) ]. It allows to measure the magnetic induction perpendicular to the magnetizing coil. One triggered current source which can stably provide a 5 mA current is used to supply the current to the hall probes and the data are acquired using National Instruments PCI-6221. Fig. 5 shows the pulsed field data recorded by the middle of the hall probe, which shows the corresponding magnetic fields produced at the centre of one magnetizing coil after immersing it in LN2 under different discharging voltages. The rise time is 0.07 s and pulse width is 0.8 s. According to the experiment, when the discharging voltage reaches 1600 V, the peak of the pulsed magnetic field is 1.5 T. Fig. 6 depicts the implemented 2 mm away from the coil because of the thickness of pulsed magnetic fields along the centre of the magnetizing coil, which is recorded by all eleven hall probes. The measurement is done by the PCB and cubic interpolation is used when plotting this graph. According to this graph, the magnetizing coils are able to produce a relatively homogeneous field in the central column due to the presence of the iron core. When the pulsed field reaches the maximum peak (0.07 s), the field at the edges is slightly higher than the field in the middle and the difference is around 100 mT. As this is the field which the bulks will experience directly, it is better to make the field as homogeneous as possible and the result for our coil is acceptable.
According to the PFM strategy described in Section II, and illustrated in Fig. 2 , we first align one column of bulks to face the magnetizing coil and then, several pulses are applied in order to let to the bulks trapping greater magnetic fields. For each pulse, we wait for about 5 min to charge the capacitor to 1600 V and then, after discharging, each measurement is recorded 10 min after the completion of the PFM in order to avoid the influences of magnetic flux creep. The time interval between applying two successive pulses is roughly 15 min.
The PCB shown in Fig. 4(a) is sealed and protected by wrapping it with Kapton tape before inserting the rotor into the rig for the experiments, which may damage the tin on the PCB. There are eleven hall probes on the PCB, which are positioned at the bulks' centres and edges. According to [8] , the bulks can trap about 89% of the maximum trapped field after three pulses.
Therefore, after balancing the magnetization time and the trapped magnetic fields' levels, only three pulses are used in all subsequent experiments. Moreover, when applying more pulses, the bottom and top bearings sometimes freeze, and then the experiment cannot go any further. For instance, if we apply seven pulses this takes about 105 min, which is too long for the magnetization procedure and therefore the bearings are very likely to freeze.
In Fig. 7(a) and (b) , we present 180 sets of data each, which have been recorded by the middle hall probe for 360
• /sample). Fig. 7(a) illustrates that the rotor can trap a pair of N poles after three PFM repetitions. The x axis gives the angular position and the y axis gives the trapped magnetic fields on the surface of the rotor. According to this figure, the N pole has trapped 220 mT peak magnetic field. The trapped field shapes are not completely symmetrical due to the inherent experimental errors in the rotating procedure, as well as due to manufacturing, aging, and/or physical inhomogeneities in the superconducting bulks. The rotor pole contains three columns of bulks but only the central one is affected by the PFM. Therefore, this pole formed by a cylinder bulk array (1 × 5) gives a total magnet area of approximately 50.5 cm 2 (31 mm × 163 mm). The other N pole is roughly at the position of 216
• . This pole is different from the previous N pole due to the odd numbers of columns being magnetized. On this side, the pulsed magnetic fields are applied between two columns of bulks as illustrated in Fig. 2 . Therefore, according to Fig. 7 , two columns of the bulks have been magnetized. The trapped magnetic fields of these two columns are lower than the other N pole because the applied magnetic field is not perpendicular to the surface of the bulks, i.e., there are more than one component of the magnetization current inside the bulk after the PFM, in order to produce normal and tangential magnetic field. The peak magnetic field of the N pole at 36
• (220 mT) is 1.7 times larger than the average peak magnetic field of the N pole at 216
• (127.7 mT). However, the total maximum magnetic field of the N pole at 36
• (220 mT) is 86% of the total maximum magnetic field of the N pole at 216
• (255.4 mT), which is greater, because there are two columns of magnetized bulks.
Thus, after finishing the measurement, the rotor is rotated anticlockwise a further 6
• in order to let the centre of one column of bulks at 96
• face to the magnetizing coil again, as indicated in Fig. 2 . The capacitor's polarity is reversed (i.e., the direction of the pulsed field changes) by swapping the charging cables in order to magnetize the bulks as a pair of S-poles. Figure 8 shows the field profile after a total of six pulses and after each pulse, they all have a 10 min magnetic relaxation time. This field profile proves that the rotor can become a fourpole machine after the PFM procedure is completed.
By comparing Fig. 7 (a) and (b), it is possible to observe that the last three pulses do not affect the trapped fields on the previously magnetized bulks. However, due to the odd number of columns, one N pole at 216
• and one S pole at 312
• contain both two columns of bulks which have been magnetized, and each one of the bulks on these two poles trap less magnetic field compared with the bulks on the other two corresponding poles which only show one column of magnetized bulks. The peak values for the N-pole at 36
• and S-pole at 126
• are of 211.3 mT and 204.9 mT, respectively. However, the intensity of trapped magnetic fields could be dramatically enhanced by using state of the art bulk materials as it has been shown in Ref. [9] .
V. CONCLUSION
The PFM method has been performed in order to magnetize the rotor of our prototype for the development of a fully HTS motor. A peak field of 220 mT can be trapped by the HTS bulks in order to maintain the electromagnetic torque. Varying pulsed magnetic fields produced at the centre of one magnetizing coil under different discharging voltages, ranging from 600 V up to 1600 V have been tested. The rise time of the pulsed field is 0.07 s and pulse width is 0.8 s. According to the experiment, when the discharging voltage reaches 1600 V, the peak of the pulsed magnetic field is 1.5 T. Eleven hall probes are used to record the pulsed magnetic fields along the centre of the magnetizing coil. The experimental results prove that the magnetizing coils are able to produce a relatively homogeneous field in the central column due to the presence of the iron core. Also, the field profile measured after the whole PFM procedure shows that the rotor can become a four-pole machine by implementing the current magnetization strategy. However, although at this stage a proof of concept has been successfully validated, this prototype presents some issues concerning to the optimal use of the PFM strategy. Firstly, our current strategy only takes advantage of six columns of bulks because of the size of the magnetizing coils and their iron core. At this stage, this strategy has been employed only for the sake of simplicity, and under the scope of a proof of concept. However, in future tests the inefficient use of bulks on the rotor will be overcome by the sequential magnetization of the individual columns that conform each one of the poles. Secondly, because the relative dimensions between the rotor and the HTS bulks, in the current prototype there is an asymmetric distribution of the trapped field due to the resulting odd number of columns. Therefore, thanks to the gained experience a more optimal design of the rotor dimensions and bulks will be considered in the future. On the other hand, by using state of the art HTS bulks, also a significant enhancement on the intensity of trapped magnetic field is to be expected.
